The Harvard community has made this article openly available. Please share how this access benefits you. Your story matters ABSTRACT Sequence divergence acts as a potent barrier to homologous recombination; much of this barrier derives from an antirecombination activity exerted by mismatch repair proteins. An inverted repeat assay system with recombination substrates ranging in identity from 74% to 100% has been used to define the relationship between sequence divergence and the rate of mitotic crossing-over in yeast. To elucidate the role of the mismatch repair machinery in regulating recombination between mismatched substrates, we performed experiments in both wild-type and mismatch repair defective strains. We find that a single mismatch is sufficient to inhibit recombination between otherwise identical sequences, and that this inhibition is dependent on the mismatch repair system. Additional mismatches have a cumulative negative effect on the recombination rate. With sequence divergence of up to approximately 10%, the inhibitory effect of mismatches results mainly from antirecombination activity of the mismatch repair system. With greater levels of divergence, recombination is inefficient even in the absence of mismatch repair activity. In both wild-type and mismatch repair defective strains, an approximate log-linear relationship is observed between the recombination rate and the level of sequence divergence.
Recombination between sequences at identical (allelic) positions on homologous chromosomes is important for mitotic DNA repair and for meiotic chromosome disjunction. In addition to the normal allelic interactions, eukaryotic genomes contain large numbers of repeated sequences that can potentially serve as substrates for nonallelic (ectopic) recombination events. Ectopic recombination can be either reciprocal or nonreciprocal in nature and can lead to alterations in genome structure. Nonreciprocal recombination events (gene conversions), which involve the unidirectional transfer of information from one repeat to another, result in either the homogenization of repeats or the generation of novel sequences. Reciprocal recombination events (crossovers) involve the physical exchange of information between repeats and give rise to various types of genome rearrangements (e.g., duplications, deletions, inversions, and translocations). Given the genomedestabilizing effects of ectopic recombination, it is important that such events occur at low rates relative to allelic recombination.
Two physical features of repeated sequences may be important for limiting potentially deleterious interactions (1): the total length of the repeats (substrate size) and the degree of sequence identity between the repeats (substrate homology). Studies in both prokaryotic systems (2, 3) and eukaryotic systems (4) (5) (6) (7) (8) have shown that substrate size does influence the efficiency of recombination. Similarly, studies done in a variety of organisms have shown that sequence divergence can be a potent barrier to homologous recombination (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . The molecular basis of this barrier is not entirely understood, but it is presumably related to the formation and͞or removal of mismatches in recombination intermediates (24, 25) . Prokaryotic studies have demonstrated that the recombination barrier afforded by sequence divergence derives largely from antirecombination activity of the replication-associated mismatch repair machinery (10, 11, 13, 14) .
The best characterized mismatch repair system is the methyldirected mismatch repair system of Escherichia coli, which contains three key components (MutS, MutL, and MutH). MutS binds to mismatched bases; MutH incises the newly replicated unmethylated DNA strand at hemi-methylated dam sites; and MutL functions as a molecular matchmaker to bring MutS and MutH together (26) . Eukaryotes possess multiple MutS and MutL homologs (no MutH homologs have been identified), which have attracted attention because of their role in preventing the accumulation of cancer-promoting mutations (27) . In the yeast Saccharomyces cerevisiae six MutS homologs (Msh1p-6p) and four MutL homologs (Pms1p, Mlh1p-3p) have been identified. Msh2p, Msh3p, Msh6p, Pms1p, and Mlh1p are involved in correcting DNA replication errors; strains defective for any of these proteins have a mutator phenotype (28, 29) . In addition to editing the products of DNA replication, there is evidence that these proteins also regulate recombination between mismatched DNA substrates in yeast (17) (18) (19) 22) . Although elimination of MutS and MutL homologs can yield comparable mutator phenotypes, MutS homologs appear to play a greater role than MutL homologs in regulating recombination between diverged sequences (17, 18) .
We described previously an intron-based recombination system that can be used to examine reciprocal recombination between diverged sequences in yeast (17) . This system was used to measure mitotic crossing-over between identical (100%) sequences, 91%-identical sequences, and 77%-identical sequences in both wild-type and mismatch repair (MMR) defective strains. Recombination between the 91%-and the 77%-identical sequences was very inefficient relative to recombination between 100% substrates in wild-type strains. In MMR-defective strains, however, recombination between the 91% substrates improved dramatically and was almost as efficient as that between 100% substrates; recombination between the 77% substrates remained inefficient in MMR-defective strains. These results indicate that the MMR machinery imposes the major barrier to recombination between sequences of low divergence; at higher levels of divergence, the sequences themselves may impose a barrier to the recombination machinery. In the work reported here, a large number of recombination substrates exhibiting a wide range of sequence divergence have been used to determine the number of mismatches necessary to trigger the antirecombination activity of the yeast MMR machinery and to define more precisely the distinct roles of DNA sequence divergence and mismatch repair activity in limiting genomic rearrangements.
MATERIALS AND METHODS
Media and Growth Conditions. S. cerevisiae strains were grown at 30°C. Yeast extract͞peptone (YEP) medium (1% yeast extract͞2% Bacto-peptone; 2.5% agar for plates) supplemented with 2% glycerol and 4% galactose (YEPGG) or 2% dextrose (YEPD) was used for nonselective growth. Synthetic complete medium (30) supplemented with 2% glycerol and 4% galactose but deficient in histidine (SGG-his) was used to select for prototrophs in the His ϩ rate measurement experiments.
Plasmid Constructions. Plasmid pSR266 contains the pGAL-HIS3::intron construct (for details, see ref. 17) and was used as the starting point for constructing chicken ␤-tubulin (c␤) inverted repeat substrates according to the general scheme shown in Fig. 1 . Appropriate 350 bp segments of cDNAs encoding c␤ isoforms were amplified by PCR using as template plasmids obtained from the laboratory of D. Cleveland (31) (32) (33) (34) . PCR was performed either in the presence of 1.5-3.0 mM MgCl 2 ͞0 mM MnCl 2 (high fidelity conditions) or 0.5-1.5 mM MgCl 2 ͞0.25-0.75 mM MnCl 2 (low fidelity conditions; see ref. 35 ). Amplification primers contained restriction endonuclease sites near the 5Ј ends; the forward primer added SalI and BglII sites to the amplified DNA while the reverse primer contained a BamHI site. The amplified product was digested with SalI and BamHI and was inserted into SalI͞ BamHI-digested pBluescript SK, generating pBluescript-c␤ plasmids. The 1-bp changes in the c␤2 substrates were introduced by site-directed mutagenesis of the c␤2a 3Ј cassette plasmid using the Chameleon kit (Stratagene). Other sequence changes were introduced as a result of PCR errors. The c␤ inserts were sequenced as appropriate.
Yeast Strain Constructions. All strains used in this study were derived by LiAc transformation (36) Measuring Recombination Rates. Recombination rates were determined by the method of the median (37) as follows. Two-day-old colonies were excised from YEPD plates, inoculated into 5 ml of YEPGG medium, and grown for 2 days on a roller drum. Cells were harvested, washed once with sterile H 2 O, and resuspended in 1 ml H 2 O. Aliquots (100 l) of appropriately diluted (or undiluted) cells were plated on SGG-his selective medium to determine the number of His ϩ recombinants per culture or on YEPD to assess the total number of viable cells per culture. His ϩ colonies were counted on day 4 after selective plating. The wild-type and MMRdefective strains containing a given pair of substrates were grown and plated at the same time. Generally 4-6 independent cultures were plated on a given day, and a minimum of 10 independent cultures (representing at least two independent platings) was used for each rate determination. Recombination rates between different strains were statistically compared using the 2 method described by Wierdl et al. (38) .
Estimation of Minimal Efficient Processing Segment (MEPS).
With a knowledge of the sequence divergence between pairs of substrates, one can estimate the length of a MEPS (3) for recombination as being approximately equal to the slope of the regression line of ln (recombination rate) versus sequence divergence (39) , where the sequence divergence in the regression equation is expressed on a scale from zero (perfect identity) to one (no identity). This method is applicable to a variety of data sets as it does not require knowledge of the exact number of mismatches in any given segment. If the exact number of mismatches is known, a better approximation of the MEPS is given by L(1 Ϫ e a ), where L is the length of the substrates (350 bp in the experiments reported here) and a is the slope of the regression of ln(recombination rate) versus the number of mismatches.
RESULTS
Intron-Based Recombination Assay System. The essential features of the intron-based recombination system used in this study are illustrated in Fig. 1 ; a detailed description of the system can be found in Datta et al. (17) . The starting plasmid in all manipulations was an integrative URA3 vector containing a HIS gene into which an artificial intron had been inserted (pGAL-HIS3::intron). A plasmid containing a 5Ј recombination cassette (the 5Ј end of HIS3, the 5Ј portion of the intron, and a recombination substrate) was constructed by replacing sequences downstream of the 5Ј intron splice consensus element with a 350-bp fragment derived from one of several c␤ cDNAs (c␤2, c␤3, c␤6, or c␤7). A plasmid containing a 3Ј recombination cassette (a recombination substrate, the 3Ј portion of the intron, and the 3Ј end of HIS3) was constructed by replacing sequences upstream of the intron TACTAAC element with a 350-bp fragment derived from a c␤ cDNA. To combine 5Ј and 3Ј cassettes into a single plasmid, a fragment containing the 5Ј cassette was inserted in inverted orientation at the 3Ј end of the 3Ј cassette. Finally, a single copy of this plasmid was integrated at the URA3 locus on chromosome V. Crossing-over between the 5Ј cassette c␤ sequences and the 3Ј cassette c␤ sequences inverts the region between them, placing the 5Ј and 3Ј parts of the HIS3 gene in the same orientation and reconstituting a functional c␤-containing intron. Because the recombinant c␤ sequences are spliced out of the primary HIS3 transcript, there are no functional constraints on the recombination products and the degree of sequence identity can be varied over a very broad range. It should be noted that this system detects only crossover events and will not detect simple gene conversions.
Combinations of 5Ј and 3Ј cassettes containing c␤ sequences derived from cDNAs encoding different ␤-tubulin isoforms were used to achieve variable amounts of sequence divergence. For example, a c␤2 5Ј cassette and a c␤7 3Ј cassette were combined to generate 91%-identical substrates. In addition to directly using c␤ cDNA sequences, random mismatches were introduced by mutagenic PCR or specific mismatches were introduced by site-directed mutagenesis. As controls for the diverged sequences, 100%-identical substrates were constructed by combining 5Ј and 3Ј cassettes containing the same c␤ sequences (e.g., c␤2a͞c␤2a). The distributions of nonidentical bases in the recombination substrates are shown in Fig. 2 .
Recombination Rates Between Mismatch-Containing Substrates. Our previous work (17) demonstrated that recombination between sequences containing many mismatches is regulated by the MMR machinery, but provided no information concerning the number of mismatches that are necessary to trigger this antirecombination role. To specifically address this issue, substrates containing one or a few mismatches were introduced into the genomes of both wild-type (MMR ϩ ) and msh2⌬msh3⌬ (MMR Ϫ ) strains. Given what is known about yeast MMR, a msh2⌬msh3⌬ double mutant should be devoid of all mismatch repair activity (28) . Recombination rates between the substrates were inferred by measuring the rates of His ϩ prototroph formation (Table 1) . Five different substrate pairs of 100% identity were analyzed as controls: c␤2a͞c␤2a, c␤3a͞c␤3a, c␤3b͞c␤3b, c␤6͞c␤6, and c␤7a͞c␤7a. Each pair of 100%-identical substrates recombined at a rate of approximately 1 ϫ 10 Ϫ6 in the MMR ϩ background. For each substrate pair, the rate of recombination was elevated 2-to 4-fold in the MMR Ϫ strain relative to the MMR ϩ strain. Five substrates containing a single base substitution were constructed to vary the type, sequence context, and position of the potential mismatch. Four were derived from c␤2a and one was derived from c␤3b. For the c␤2a substrates (nucleotides 690-1038 of c␤2; see legend to Table 1 ), an A to G transition was introduced at position 884, a G to C transversion at position 883, and either a G to A transition or a G to C transversion at position 827. For the c␤3b substrates (nucleotides 1391-1741 of c␤3) a T to C transition was introduced at position 1531. The transitions result in either an A-C or G-T mismatch in heteroduplex recombination intermediates; the transversions yield either a G-G or C-C mismatch. All recombination-generated mismatches with the exception of the C-C mismatch should be recognized efficiently by the yeast MMR machinery (40) . For each of the 5 one-mismatch substrates examined, there was a 10-to 20-fold elevation in the recombination rate in the MMR Ϫ strain relative to the MMR ϩ strain. If one compares these rates to those obtained with the 100% control substrates, a single mismatch uniformly lowered the rate of recombination 3-to 4-fold in the MMR ϩ background but had no effect on the recombination rate in the MMR c␤ sequences were numbered as in the GenBank files; accession nos. for c␤2, c␤3, c␤6, and c␤7 are M11443, M14228, J02828, and X07011, respectively. c␤2a sequences consisted of nt 690-1038, c␤2b sequences of nt 657-1007, c␤3a of nt 1093-1441, c␤3b of nt 1391-1741, c␤6 of nt 429-779, c␤7a of nt 450-800, and c␤7b of nt 781-1129. For substrates containing a single mismatch, the nature and position of the mismatch are indicated as a subscript. The c␤2 sequence with three mismatches (c␤2-3mm) contains the following changes: A769T, A934G, and T942C. The c␤3a sequence with four mismatches (c␤3a-4mm) contains the following changes: A1216G, A1228G, C1297T, and deletion of G1101. Two types of statistical analyses indicate that a 2-fold difference between recombination rates is significant. First, the c␤2a͞ c␤2a substrates were used as an internal control in most fluctuation experiments, which yielded 15 different, but very similar, rate measurements (all the data were pooled for the rate used in the table). Using these independent rate measurements, the mean rate is 98 ϫ 10 Ϫ8 and the SD is 18 ϫ 10 Ϫ8 . Second, in addition to the high reproducibility of rate measurements, representative rates were statistically compared: c␤6͞c␤6, MMR ϩ versus c␤6͞c␤6, MMR Ϫ ( 2 ϭ 6.0, P Ͻ 0.05); c␤6͞c␤6, MMR ϩ versus c␤7a͞c␤7a, MMR ϩ ( 2 ϭ 10.7, P Ͻ 0.01); c␤6͞c␤6, MMR Ϫ versus c␤7a͞c␤7a, MMR Ϫ ( 2 ϭ 24, P Ͻ 0.01), c␤3b͞c␤3b, MMR ϩ versus c␤3b͞c␤3b, MMR Ϫ ( 2 ϭ 25.6, P Ͻ 0.01); c␤3͞c␤3T1531C, MMR ϩ versus c␤3͞c␤3T1531C, MMR Ϫ ( 2 ϭ 22, P Ͻ 0.01); c␤3b͞c␤3b, MMR ϩ versus c␤3͞c␤3T1531C, MMR ϩ ( 2 ϭ 22, P Ͻ 0.01); and c␤3b͞c␤3b, MMR Ϫ versus c␤3͞c␤3T1531C, MMR Ϫ ( 2 ϭ 0.18, P Ͼ 0.50).
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Proc. Natl. Acad. Sci. USA 94 (1997) system did not appear to discriminate between the potentially different types of mismatches used here.
To examine the antirecombination effect of multiple mismatches, substrates containing either three or four mismatches (c␤2a-3mm and c␤3a-4mm, respectively) were introduced into the MMR ϩ and MMR Ϫ strains. For each of these substrates, there was a 30-fold elevation in the recombination rate in the MMR Ϫ strain relative to the MMR ϩ strain. As with the one-mismatch substrates, a comparison to the 100% control substrates indicates that three or four mismatches impact recombination only in MMR-competent cells.
We reported previously recombination rates between 91%-identical and 77%-identical substrates in wild-type and MMRdefective strains (17) . To examine more systematically recombination rates between sequences in the 95% to 75% identity range, additional substrates with identity levels of 94%, 85%, 82%, and 74% were constructed. The 91% substrates (30 mismatches) used in the previous study were derived by combining c␤2a and c␤7b sequences; the 94% substrates (21 mismatches) were obtained by low fidelity PCR using c␤2a as a template. Although the 94% and 91% substrates recombined at similar rates in MMR-competent cells, elimination of MMR elevated recombination between the 94% substrates 140-fold but elevated recombination between the 91% substrates only a 45-fold. This difference in behavior of the 94% versus 91% substrates may be related to the very different distributions of mismatches in these two substrate pairs (see Fig. 2 ). When compared with the 100% control substrates, 20-30 mismatches reduced recombination rates about 50-fold in MMRcompetent cells. There was a relatively modest reduction in recombination rates (2-to 3-fold) associated with this level of divergence in MMR-defective cells.
With the more highly diverged 85%-and 82%-identical substrates (52 and 64 total mismatches, respectively), there was an approximately 80-fold increase in recombination rates in the MMR Ϫ strains relative to the MMR ϩ strains. If one compares these rates to those obtained with the 100% control substrates, however, the 200-fold decrease in recombination rates observed in the MMR ϩ strains was not eliminated in the MMR Ϫ strains. Even in the MMR Ϫ strains this level of divergence reduced recombination rates approximately 10-fold. The trend observed with the 85%-and 82%-identical substrates was even more striking with the 74% substrates. When compared with the 100% control substrates, the recombination rate between the 74% substrates was reduced 4000-fold in MMR-competent cells. Although elimination of the MMR system improved recombination between the 74% substrates, the rate was still approximately 200-fold lower than that observed with the 100% control substrates.
DISCUSSION
An intron-based, inverted repeat assay was used to examine recombination between identical substrates and between substrates containing variable numbers of mismatches (Fig. 2) . All substrates were derived from c␤ cDNAs and were approximately 350 bp long. The substrate length was held constant to insure that recombination rates were affected only by the mismatches present. Because detection of recombination requires inversion of the region between the repeats (Fig. 1) , this system only identifies reciprocal exchange events; simple gene conversions cannot be detected. To assess the role of the mismatch repair machinery in regulating recombination between nonidentical sequences, recombination rates were determined in both wild-type and MMR-defective (msh2⌬msh3⌬) strains. Table 1 presents the recombination rates for each substrate pair and these data are summarized in Table 2 .
Recombination rates between five different pairs of identical (100%) substrates were examined and these rates served as controls for subsequent experiments involving mismatched substrates. In MMR-competent strains, the rates varied from 0.7 ϫ 10 Ϫ6 for the c␤6͞c␤6 substrates to 1.7 ϫ 10 Ϫ6 for the c␤7a͞c␤7a substrates. The slight but statistically significant (see legend to Table 1 ) variation in rate with substrates of the same size indicates that the actual sequence of bases may have subtle effects on recombination. Such subtleties could have their origins in either preferred sites for recombinationinitiating lesions or preferred sites for resolving recombination intermediates. Sequence preference for resolution has indeed been observed in the cleavage of Holliday junctions in vitro by the bacterial RuvC protein (41) . With each of the five 100% substrates analyzed, the recombination rate in the MMRdefective strain was elevated relative to that in the MMR ϩ strain; the average increase was 2.7-fold. Although the MMR machinery would not be expected to inhibit recombination between identical sequences, we suggest that the MMR system may be detecting either intrastrand secondary structure or unpaired regions resulting from branch migration of Holliday junctions into the nonhomologous regions that flank the recombination substrates. Regardless of the molecular basis of the increased recombination in MMR Ϫ strains seen here, it is important to account for this increase when assessing the effects of mismatches on recombination rates. It should be noted that the inhibitory effect of MMR proteins on recombination seen in this study is in contrast to the small stimulatory role reported elsewhere (42) ; the conflicting results may reflect differences in the assay systems used.
The effect of a single potential mismatch on recombination rate was determined using five different substrate pairs, each of which contained a defined base substitution. Although both the type and position of the base substitution were varied, all 5 one-mismatch substrates recombined similarly. In the MMR ϩ strains, the average rate of recombination between the mismatch-containing substrates was approximately 4-fold lower than the average recombination rate between the 100% substrates. In the MMR Ϫ strains, however, the average rate of recombination between the mismatch-containing substrates For each homology level, the rates shown were obtained by averaging the rates observed with each substrate at that level (see Table 1 ). The number in parentheses following each rate represents the fold increase (1) or decrease (2) relative to the rate obtained with the 100% substrates in the same MMR ϩ or MMR Ϫ background. 94 (1997) was the same as that between the 100% substrates. These data demonstrate that a single mismatch is sufficient to impair the recombination process in yeast and that this impairment derives solely from action of the MMR machinery. Although a single mismatch within 31 bp substrates also was observed to inhibit recombination in E. coli, the inhibition was not due to the action of the mismatch repair machinery (15) . To more precisely define the impact of sequence divergence on mitotic recombination, additional substrate pairs with identities ranging from 99% (3 mismatches) to 74% (90 mismatches) were examined. In MMR-competent cells there was a cumulative negative effect of mismatches on recombination rates (Table 2) . Whereas a single mismatch reduced recombination rates approximately 4-fold, the presence of two to three additional mismatches decreased recombination 9-fold relative to the 100% substrates. This trend continued in the MMR ϩ strains, with the 91-94% identical substrates recombining 50-fold less efficiently, the 82-84% substrates recombining 300-fold less efficiently and the 74% substrates recombining 4600-fold less efficiently than the 100% control substrates. In striking contrast to MMR-competent strains, there was little effect of sequence divergence on recombination rates in MMR-defective strains until the identity level dropped below the 91-94% range. This indicates that, with sequences of greater than 90% identity, all of the inhibitory effect of sequence divergence on recombination can be attributed to action of the MMR machinery. Once sequences pass a divergence threshold of 5-10%, however, a factor other than the MMR system strongly impairs the recombination process. As suggested previously (17), we believe that this additional impairment likely reflects a general limitation of the yeast recombination machinery, which could correspond to an inability to efficiently initiate strand transfer or resolve intermediates as crossovers. Although the yeast MMR system imposes an antirecombination effect at all levels of sequence divergence examined, the maximum effect exerted by the MMR machinery appears to be about 30-fold (last column of Table 2 ). This level of inhibition is attained when the sequence divergence is in the 10-15% range.
The relationship between sequence identity and recombination rate in both MMR ϩ and MMR Ϫ cells is graphically presented in Fig. 3 . For each set of data, a roughly linear relationship is obtained if one plots the ln (recombination rate) versus % sequence divergence. A similar log-linear relationship was observed in studies examining the effects of sequence divergence on the efficiency of bacterial conjugation and transformation (23, 39) . A log-linear relationship between recombination rate and sequence divergence can be explained most simply by the concept of a MEPS, which is defined as the minimal length of perfect homology needed for efficient recombination. Shen and Huang (3) originally proposed MEPS to explain the linear relationship observed between recombination rate and substrate size in a bacterial recombination assay. If one considers any piece of DNA as a linear series of overlapping MEPS, each of which recombines at the same efficiency, the MEPS concept postulates that the rate of recombination should be directly proportional to the number of MEPS in a particular sequence. Because the number of MEPS increases linearly with substrate length, the MEPS concept accounts for the observed linearity between substrate length and recombination rate. If the lengths of the substrates are held constant and random mismatches are introduced, the number of MEPS decreases exponentially as the sequence divergence increases.
For substrates with a fixed length and varying numbers of mismatches, as in the data reported here, the length of the MEPS can be estimated according to the equation described in the Materials and Methods. This technique gives a MEPS of 18 bp [14-21 bp 95% confidence interval (C.I.)] for the MMR Ϫ strains, and 28 bp (23-33 bp 95% C.I.) for the MMR ϩ strains.
As alluded to above, however, visual examination of the MMR ϩ data indicates a very rapid dropoff in crossover rates at low sequence divergence, followed by a leveling off to a slope similar to that observed with the MMR Ϫ data. This behavior suggests a model in which heteroduplex forms with a probability that declines exponentially with sequence divergence; heteroduplex avoids triggering mismatch repair with a probability that also falls off exponentially with sequence divergence (but at a different rate); and mismatch repair, if triggered, blocks recombination with a certain, fixed probability. In such a model, heteroduplex formation has probability P 0 e Ϫ␣x ; mismatch repair is triggered with probability 1-R 0 e Ϫ␤x and is effective (if triggered) with probability f. In these expressions, x is the divergence (measured on a scale of 0-1) between the recombining sequences; P 0 is the probability that identical substrates will form a heteroduplex; and R 0 is the probability that a heteroduplex between identical substrates, once formed, will avoid triggering mismatch repair. Within the framework of the MEPS concept, the values ␣ and ␤ correspond to the mismatch-free sequence length required to initiate heteroduplex formation and the mismatch-free sequence length necessary to escape MMR activity, respectively. With these assumptions, the probability of a crossover event is
. The log-transformed version of above model was fit to the data for the MMR ϩ strains, and the fitted model is shown as the solid curve in Fig. 3 . The fitted values are ␣ ϭ 23, ␤ ϭ 610, f ϭ 0.97, P 0 ϭ 5.1 ϫ 10 Ϫ6 , and R 0 ϭ 0.18. It should be noted that P 0 and R 0 are dependent on the substrate length, 350 bp in this case. Although the model is highly consistent with the data, this agreement should be viewed with the knowledge that it has four degrees of freedom and was devised after viewing the data. If the model is correct, it should predict the outcome of the MMR Ϫ experiments using the same parameters estimated from the MMR ϩ data, but setting f ϭ 0 (mismatch repair is never effective). This prediction, shown as the dashed line in Fig. 3, agrees well with 94 (1997) together, these data suggest that Ϸ20 bp of perfect homology are needed to initiate heteroduplex formation and that Ϸ610 bp of perfect homology are needed to avoid the antirecombination activity of the MMR machinery. Because the latter estimate is longer than the length of the recombination substrates used here, it can account for the increases in the rates of recombination between 100%-identical substrates that accompanied elimination of MMR. The model above is based on the number of mismatches rather than on the locations of the mismatches within the recombination substrates. With knowledge of the precise positions of the mismatches in the substrate pairs (see Fig. 2 ), the number of mismatch-free stretches of any given length can be determined. If the MEPS concept is applicable in its simplest form to yeast recombination, there should be a MEPS length that yields a linear relationship between the number of MEPS and crossover rates, at least in the MMR Ϫ strains in which only a single process (heteroduplex formation) may be limiting. When this is attempted with the MMR Ϫ data, even the best fit (MEPS ϭ 11 bp) is poor (r 2 ϭ 0.62), suggesting that factors other than the length of mismatch-free sequence (e.g., base composition or preferred initiation͞resolution sites) affect recombination rate. The observation that different pairs of 100%-identical substrates recombined at slightly different rates supports the notion that recombination is influenced by factors other than substrate length. It is interesting that despite the existence of these other factors, the fit of the model used above to the data is quite good (Fig. 3) .
The assay used in this study depends on the resolution of recombination intermediates as crossover events, and so does not provide any information concerning when or how MMR proteins exert their antirecombination role. The regulation could involve some type of steric hindrance resulting from mismatch binding or it could involve the actual destruction of mismatched heteroduplex. Although the destruction of intermediates is easy to imagine in those organisms where a nicking activity has been associated with the MMR machinery (e.g., MutH in E. coli), no comparable nicking activity has been identified in yeast. In relation to the issue of when the antirecombination role of the MMR machinery may be exerted, it should be noted that some assay systems have failed to detect any impact of the MMR machinery on recombination between diverged sequences (21, 43) . In contrast to the intrachromatid, inverted repeat crossing-over assay used here, one system examined plasmid-chromosome gene conversion (43) and the other system examined intrachromatid interactions between direct repeats (21). We do not think that our observations are an artifact of using an intrachromatid inverted repeat assay because essentially the same effects have been observed with nonidentical substrates positioned on nonhomologous chromosomes (W. Chen and S.J.-R., unpublished data). Although it is not obvious why the MMR system impacts various recombination systems so differently, it is nevertheless clear the MMR system can exhibit potent antirecombination activity. It is particularly striking that a single mismatch can trigger the antirecombination activity of the yeast mismatch repair machinery. If one extrapolates the results reported here to higher eukaryotes, the accumulation of chromosomal rearrangements via recombination between diverged sequence elements may contribute to the genetic instability of MMR-defective cells and may be important for tumor progression.
